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transfer	 relay	 between	 the	 reaction-center	 chlorophylls	
(P680)	and	the	oxygen-evolving	complex	(OEC).1,2	 Its	role	
can	be	described	by	considering	any	one	of	four	steps	of	the	




















PCET	 processes	 in	 the	 extensive	H-bond	 network	 around	
the	OEC	are	involved	in	redox	leveling,	which	is	key	to	re-
moving	four	electrons	from	the	OEC	using	a	constant	poten-








nol	 (BIP)	 constructs	 have	 been	 studied	 as	 models	 of	 the	
TyrZ-His190	pair.28–31	Upon	oxidation	of	the	phenol,	proton	
transfer	to	the	benzimidazole	occurs,	generally	perceived	as	
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fer	 (EPT)	 process.25	 Electrochemical	measurements	 show	
that	the	phenoxyl	radical	formed	upon	oxidation	of	BIP,	1	





ton	 transfer	 (E2PT)	 process	 associated	 with	 the	 electro-
chemical	 oxidation	 of	 the	 phenol	 in	 amino-substituted	
BIPs.7,33	 Although	 the	 theoretical	 calculations	 were	 con-
sistent	 with	 a	 fully	 concerted	 E2PT	 process,	 the	 experi-
mental	measurements	could	not	distinguish	between	a	fully	
concerted	E2PT	process	and	a	stepwise	mechanism	where	






stituted	 BIPs	 as	 redox	mediators	 in	water	 oxidation	 pro-
cesses.	 However,	 theoretical	 calculations	 predicted	 that	
BIPs	 bearing	 substituents	 with	 reduced	 pKa’s	 such	 as	
imines,	which	can	be	substituted	to	tune	their	pKa’s,	would	











radical/phenol	 couple.	 These	 parameters	 control	 the	 ob-
served	ratio	of	the	EPT	and	E2PT	products.	
	









brational	 frequencies	 were	 calculated	 with	 density	 func-
tional	theory	(DFT)	using	the	B3LYP34–37	functional	and	the	
6-31G**	basis	 set.38,39	 Solvent	effects	were	 included	using	
the	conductor-like	polarizable	continuum	model.40,41	These	




Synthesis:	 Substituted	BIP-PhRimines	 (Chart	1)	were	 syn-






































nal	 standard	and	 adjusting	 to	 the	 saturated	 calomel	elec-
trode	 (SCE)	 scale	 (with	E1/2	 taken	 to	 be	 0.40	 V	 vs	 SCE	 in	
CH3CN	and	0.46	V	vs	SCE	in	CH2Cl2).47	
FTIR	 and	 Infrared	 Spectroelectrochemistry	 (IRSEC):	 FTIR	
measurements	were	performed	using	a	Bruker	Vertex	70	
spectrometer	 in	 absorption	 mode	 under	 a	 dry	 nitrogen	
purge	with	a	2	cm−1	resolution,	GloBar	MIR	source,	broad-
band	KBr	beamsplitter,	and	liquid	nitrogen	cooled	MCT	de-




ments	 (vide	 infra).	 Because	 the	 molecules	 containing	 the	
imine	linkage	are	susceptible	to	hydrolysis,	care	was	taken	
1 2–8
2 – R = CN BIP-PhCNimine 
3 – R = CF3 BIP-PhCF3imine	
4 – R = Cl BIP-PhClimine 
5 – R = H BIP-PhHimine 
6 – R = CH3 BIP-PhCH3imine 
7 – R = OCH3 BIP-PhOCH3imine 
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FTIR	 spectra	were	obtained	using	a	CaF2	 liquid	 transmis-





















sulted	 in	 significant	 changes	 of	 the	 spectra48,49	 and	 the	






ing	 this	 concentration,	 and	 the	 observation	 that	 the	 EPT	
product	is	not	detected	in	the	IRSEC	of	7,	an	extinction	coef-
ficient	 of	 467	M-1cm-1	 for	 the	band	at	 1652	 cm-1	was	esti-













electrolyte	without	 the	 addition	 of	 the	 studied	molecule)	


























DO	are	 the	diffusion	coefficients	 (cm2	 s-1)	 for	 the	oxidized	
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Analysis	 of	 the	 1H	NMR	 spectra	 for	 compounds	2–8	 con-
firms	the	presence	of	the	two	 internal	H-bonds	(Figure	2	
and	Table	 1)	 in	 CDCl3	 solutions	 of	 all	 samples.	 There	 is	





nitrogen	 is	 evident	 by	 the	 NMR	 chemical	 shift	 of	 the	 NH	
group	of	benzimidazole	(δNH).	In	all	BIP-PhRimines,	the	δNH	
is	 found	between	~11.48–11.98	ppm,	downfield	 from	 the	







Table	 1.	 1H	 NMR	 Chemical	 Shifts	 of	 BIP	 Derivatives	






1:	BIP	 9.34	 13.45	 N/A	 N/A	
2:	BIP-PhCNimine	 11.48	 13.19	 8.72	 0.66	
3:	BIP-PhCF3imine	 11.58	 13.21	 8.74	 0.54	
4:	BIP-PhClimine	 11.66	 13.23	 8.74	 0.23	
5:	BIP-PhHimine	 11.76	 13.21	 8.76	 0	
6:	BIP-PhCH3imine	 11.82	 13.30	 8.78	 -0.17	
7:	BIP-PhOCH3imine	 11.84	 13.30	 8.77	 -0.27	






second	 para-substituted	 phenyl	 ring	 through	 the	 trans-
imine	linkage.	This	structure	falls	under	the	widely	studied	
class	 of	 benzylideneanilines.53–57	 Specifically,	 for	 para-
monosubstituted	benzylideneanilines,	where	the	substitu-
tion	is	on	the	aniline	ring,	the	base	strength	of	the	imine	ni-


















(Figure	 S29).	This	 observation	 is	consistent	with	 findings	










zimidazole	proton	and	the	 imine	nitrogen.	 From	 1H	NMR,	
the	 ratio	 of	 isomers	 is	 approximately	 1:0.1	 and	 1:0.2	 in	
CD3CN	and	(CD3)2CO,	respectively.	The	presence	of	the	two	













the	 redox	 characteristics	 of	 reference	 compounds	 lacking	
the	 phenolic	 OH	 group	 (BI-PhOCH3imine)	 and	 N-benzyli-
dene-p-anisidine	 (see	 synthetic	 procedure	 and	 structures	





compounds	2,	 4	 and	 7	 (Figure	 3	 B)	 are	quasi-reversible	
with	a	peak-to-peak	separation	of	~60	mV	(see	SI	Table	S11	
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and	 chemically.7	 However,	 the	 quasi-reversible	 electro-
chemistry	 associated	with	 compounds	1–7	 is	 almost	 cer-

















2:	BIP-PhCNimine	 0.99	 1.06	 1.04	
3:	BIP-PhCF3imine	 0.99	 1.06	 1.05	
4:	BIP-PhClimine	 0.97	 1.02	 1.04	
5:	BIP-PhHimine	 0.95	 0.98	 1.04	
6:	BIP-PhCH3imine	 0.93	 0.95	 1.02	
7:	BIP-PhOCH3imine	 0.93	 0.93	 1.00	
8:	BIP-PhN(CH3)2imine	 0.68d	 -	 -	
a	The	values	reported	herein	were	experimentally	measured	and	
calculated	in	CH3CN.	The	calculated	spin	density	associated	with	









ΔG0	 associated	 with	 the	 EPT-E2PT	 equilibrium.	 The	 thermody-
















of	 the	 electron-withdrawing	 strength	 of	 the	 group	 at	 the	
para-position	of	the	N-phenylimine	moiety.	A	plot	of	the	ex-
perimental	E1/2	values	against	the	Hammett	constants	(σp,	






products	 are	 largest	 with	 electron-donating	 groups.	 Fur-
thermore,	the	two	calculated	values	of	E1/2	cross	over	when	


















viously,	 distinct	 structural	 changes	 accompanying	 proton	
transfer(s)	 upon	 oxidation	 of	 phenols	 can	be	 detected	 by	
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B
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at	 the	para-position	 of	 the	N-phenylimine	 group	 of	2–7	 are	
shown.	














of	 the	 phenol	 (an	 E2PT	 product).56,65–67	 The	DFT	 normal-
mode	analysis	of	7	supports	these	assignments	(see	Figure	
S46).	In	control	experiments,	the	appearance	of	this	band	in	
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at	 3414	cm-1)	 is	most	 likely	due	 to	 the	 intramolecular	H-
bond	between	the	NH	of	the	benzimidazole	moiety	and	the	
imine	 nitrogen	 lone	 pair	 in	 the	 BIP-PhRimines.	Moreover,	
the	progressive	shift	to	lower	frequencies	supports	the	in-
creasing	H-bond	 strength	due	 to	 the	 increase	 in	 the	elec-






intensity	 of	 the	 νNH	 band	 progressively	 decreases,	 and	 a	
broad	NH	 stretching	 band	 of	 the	 benzimidazolium	 ion	 at	






for	 νNH	appears	 at	 3360	 cm-1	 and	 an	 increase	 in	 intensity	
and	width	were	observed.	The	absence	of	the	marker	ben-
zimidazolium	NH	stretching	band	provides	additional	evi-







































a	From	 the	 IRSEC	 experiments	with	A,	 the	 EPT	 and	 E2PT	
products	 (B	 and	 C,	 respectively)	 were	 identified	 when	 the	







mate	 value	 for	 the	extinction	 coefficient	 of	 the	1652	 cm-1	






product	 (B	 in	 Scheme	 1)	 and	 the	 equilibrium	 constant,	
Keq=[E2PT]/[EPT],	 associated	 with	 interconversion	 be-
tween	the	EPT	and	E2PT	oxidation	products	(Table	3).	
The	plot	 of	ΔG0	 derived	 from	 these	 values	 follows	 the	 ex-




of	Keq,	 in	conjunction	with	 the	E1/2	value	measured	for	 the	
E2PT	process	of	7,	the	E1/2	value	associated	with	the	EPT	
process	of	7	was	determined	to	be	1.00	V	vs	SCE	in	CH3CN	
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ble	3	 shows	 the	experimental	and	calculated	 equilibrium	
constants	and	corresponding	DG0	 for	 the	 four	compounds	
studied	using	IRSEC.	Negative	ΔG0	values	indicate	that	the	
E2PT	 product	 is	 thermodynamically	more	 favorable	 than	















Exp.	 Calc.	 Exp.	 Calc.	
2:	BIP-PhCNimine	 0.6	 0.5	 0.4	 0.4	
3:	BIP-PhCF3imine	 0.4	 0.5	 0.5	 0.5	
4:	BIP-PhClimine	 -0.4	 -0.2	 2.0	 1.5	






















as	 an	 extension	 of	 Marcus	 theory	 for	 electron	 transfer72	













is	explained	 in	 terms	of	significant	contributions	 from	ex-
cited	 electron-proton	 vibronic	 states.	 The	 proton	 vibra-
tional	wavefunctions	 associated	with	 these	 excited	 states	
are	more	delocalized	and	therefore	can	lead	to	larger	over-
lap	integrals	within	the	vibronic	coupling.	As	discussed	else-
where,25,71	greater	 overlap	 integrals	 between	 the	 reactant	


















nating	 for	 electron-withdrawing	 substituents	 such	 as	 -CN	
and	-CF3	in	2	and	3,	respectively.	Even	though	a	tendency	
toward	larger	KIE	values	for	the	formation	of	EPT	products	
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porting	 artificial	 photosynthetic	model	relays	 that	 exhibit	
proton	translocation	over	~6	Å.	This	series	illustrates	for-
mation	of	both	EPT	and	E2PT	products	upon	electrochemi-
cal	 oxidation	 of	 the	 phenol.	 From	 spectroelectrochemical	
and	theoretical	data	we	conclude	that	the	ratio	of	E2PT	to	
EPT	products	following	oxidation	can	be	modulated	by	the	












0.99	 to	0.93	V	vs	 SCE,	 between	the	compounds	 that	 yield	
predominantly	 the	 EPT	 products	 and	 those	 that	 yield	
mainly	the	E2PT	products.	
These	findings	are	relevant	in	the	context	of	designing	arti-
ficial	 photosynthetic	assemblies	 given	 that	 the	previously	
reported	 amino-substituted	 BIPs	 with	 redox	 potentials	
~0.6	V	vs	SCE	would	not	be	able	to	act	as	a	relay	in	water	





imino-	 and	 amino-substituted	 BIPs	 arise	 from	 a	 balance	




















the	 energy-coupling	 thylakoid	membrane	of	 plants,	 algae,	
and	cyanobacteria.	This	work	also	demonstrates	that	the	ex-
quisite	control	over	proton	activity,	a	feature	common	to	all	
bioenergetic	 systems,	 can	 be	 explored	 in	 artificial	 con-
structs,	where	 it	can	lead	 to	design	principles	 for	efficient	
solar	energy	conversion	in	artificial	photosynthesis.	
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